In optics, chirality is typically associated with circularly polarized light. Here we present a novel way to detect the handedness of chiral materials with linearly polarized light. We performed Second Harmonic Generation (SHG) microscopy on G-shaped planar chiral nanostructures made of gold. The SHG response originates in distinctive hotspots, whose arrangement is dependent of the handedness. These results uncover new directions for studying chirality in artificial materials. 
Introduction
Artificial materials possess electromagnetic or optical properties that can be engineered to achieve unusual phenomena, such as cloaking [1] , negative refraction [2, 3] or super-lensing [5, 6] . They are often referred to as "metamaterials", where the prefix meta, Greek for "beyond" or "after", suggests that the material exhibits characteristics surpassing those available in nature. This enhancement of physical properties frequently originates in an augmentation of the field intensity, occurring in a confined nanoscale region around the particles, which can reach several orders of magnitude. Two main phenomena are responsible for this localized field magnification. On the one hand, the electrostatic lightning-rod effect, which takes place at the geometric singularity of sharp curvatures where field lines become crowded [7] , and, on the other hand, the surface plasmon resonances [8, 9] . The latter constitute collective oscillations of the electrons that result in localized charge accumulation. This process is strongly affected by the nanostructures' geometry, by their dielectric properties and by the refractive index of the surroundings.
Chirality, the handedness of nature, is a key parameter for optical metamaterials and, as such, it has been the subject of intense research [10] [11] [12] [13] . However, most studies so far have been made with linear optical techniques, while nonlinear probes are known to be typically much more sensitive to chirality, especially at the nanoscale [14] [15] [16] .
Among the nonlinear optical phenomena, Second Harmonic Generation (SHG) holds a privileged position since it is the first and generally the largest contribution. It is well known for its surface and interface sensitivity down to the atomic submonolayer scale, which favors greatly the technique for probing nanostructures where the surface to volume ratio is among the largest. Consequently, there is a growing interest in applying SHG to nanoparticles and nanopatterned materials [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Recently, it has been demonstrated with SHG microscopy that circularly polarized light can excite chiral plasmon modes, resulting in ratchet wheel-shaped SHG source patterns [27] . The direction of rotation in these ratchet wheels reveals the handedness of the material upon illumination with circularly polarized light. Indeed, in optics, chirality has generally been associated with circularly polarized light.
Here we show a novel way to observe chirality in optical materials, which involves linearly polarized light. We have applied SHG microscopy to an array of G-shaped planar nanostructures made of gold and found out that, surprisingly, linearly polarized fundamental radiation also can excite chiral and enantiomerically sensitive plasmon modes. SHG is emitted by clearly identifiable hotspots and the associated SHG source patterns are even more dramatically distinguishable, with respect to the handedness of the material, than upon using circularly polarized light.
Theory
For intense electromagnetic fields, in the electric dipole approximation, the induced polarization at the second harmonic frequency is given by
where ω is the frequency of the incident radiation, i, j and k are the Cartesian indices, χ is responsible for the symmetry dependence of the SHG effect, since upon applying an inversion symmetry the vector quantities P and E change sign and as a consequence
. Therefore the nonlinear susceptibility has to be zero.
Consequently, SHG is forbidden in centrosymmetric materials and can only appear in the regions of broken symmetry such as surfaces, interfaces, chiral ordering, etc [28] . In general, the number of independent components of the third rank tensor This last component is often referred to as the "chiral" one, since it is characteristic of the absence of mirror symmetry that is associated with chiral systems. The other components are referred to as "achiral" because they occur in both chiral and achiral systems. It should be noted that for fundamental light incoming along the normal direction, all the susceptibility components containing at least one z index, should be zero. However, in the case of SHG microscopy, due to the strong focusing with the 100x objective, a large part of the incident electromagnetic radiation reaches the sample at a significant angle and henceforth all the tensor components contribute to the signal.
Experiments
The investigated samples consist of a periodic array of G-shape microstructures made of a Au(25 nm) layer thin-film evaporated by DC sputtering system on top of a Si/SiO 2 substrate. For the sample preparation we first cover the substrate with a double polymethyl metacrylatemethyl metacrylate resist layer in which the array of G-shaped and mirror-G-shaped structures are defined by electron-beam lithography. After the Au deposition, the resist is removed by a lift-off procedure involving sonication and/or boiling in acetone. The double resist layer has an overhanging profile which avoids any contact of the deposited material on top of the resist with the nanostructure themselves. Figures 1a and 1b shows a schematic diagram of the two chiral structures investigated. The lateral size of each individual motif is 1 µm wide, the line width is 200 nm and the separation between neighboring structures is 200 nm. The whole array covers an area of 2.5 2.5 × mm 2 and consists of 3,333 3,333 × structures. SHG microscopy images were collected with a confocal laser scanning microscope, Zeiss LSM 510 META (Jena, Germany). The sample was illuminated by a Tsunami femtosecond pulsed Ti:Sapphire laser, pumped by a 5 W Nd:YVO 4 laser, directed to the sample by a dichroic mirror (HFT KP650) and a Zeiss alpha PLAN-apochromat 100x/1.46 oil immersion objective. The fundamental excitation wavelength was 800 nm. The SHG-signal was collected by photomultiplier tubes via a NFT545 dichroic mirror and a KP685 short-pass filter that came with the confocal microscope. The scanning speed was set to a pixel dwell time of 102.4 µs with the image resolution set to 512-by-512 pixels. Each line was scanned twice and averaged. Total frame acquisition time was 63 s. The pinhole diameter was set to the maximum value, since optical sectioning was achieved through the multi-photon effect. The working distance of the 100x objective extended to 170 µm. Other details can be found in Ref. 29 .
Results
Upon imaging the samples with SHG microscopy, for linearly polarized light, it can be observed that the nonlinear optical response originates in hotspots with different brightness, see Fig. 1c . The color coded intensities increase from purple, through green, then yellow to red. The direction of linear polarization is indicated by a white arrow. We can distinguish a planar chiral N-shaped pattern of hotspots. Noticing the scale in these figures, we observe that the dimensions of a single N pattern correspond to the size of a unit cell constituted of four G elements. The handedness of the material can therefore be directly deduced by looking at the SHG microscopy images. Furthermore, since different plasmon patterns are excited in the two types of structures, by comparing pixel brightness from the unit cells in Figs. 1c and 1d , one can also judge the handedness. Interestingly, upon imaging the sample with opposite handedness, the N-shaped SHG pattern reverses to a mirror-N shaped one, see Fig. 1d . Especially, the bright "hot spots" are aligned along different directions depending on the handedness of the material. Fig. 2 . In a), b), c), d), e) and f), the SHG microscopy images of the G-shaped sample structures (Fig. 1a) as a function of the sample position angle, in degrees, on the microscope stage. Orientation a) corresponds to that in Fig. 1a . In g), a SHG microscopy image of the same structures positioned at 0°, with the incoming polarization rotated 90° by means of a half wave plate. The white arrows indicate the direction of the linear polarization. Images a) -f) have the same polarization of the incoming beam. The color coded intensities increase from purple, through green, then yellow to red.
In order to verify that the handedness of the N-shaped SHG patterns is indeed related to the chirality of the Gs and is not solely due to anisotropy, the SHG microscopy response was followed as function of sample rotation angle on the microscope stage. As it is well known, chirality is unaffected by rotation while anisotropy is not. Therefore, should anisotropy be the only reason for the difference in patterns observed in Figs. 1c and 1d then, upon rotating the samples, at some orientation, the patterns should have become superimposable one upon the other. Figures 2a to 2f show that the SHG hotspots revolve in a manner that conserves the handedness of the N-shaped patterns. Consequently, its reversal in Figs. 1d can only be attributed to the handedness of the Gs. Please note that the 90° image is not shown in Fig. 2 in order to avoid redundancy, since it is essentially the same as that at 0°. It should also be noted that the bright spots do rotate 90° upon rotating the incoming polarization at 90° while the sample remains at 0° orientation, see Fig. 2g . This is due to the excitation of enhanced surface plasmon resonances in different points of the nanostructures. However, while the overall pattern rotates 90° its chirality remains unaffected as can be established by observing the handedness of the N-shaped patterns between Figs. 1d and 2g. Fig. 3 . In a), b), c) and d), schematic diagram of the sample geometry of the mirror-G shaped sample structures rotated in steps of 90°. In e), f), g) and h), the corresponding SHG microscopy images. The color coded intensities increase from purple, through green, then yellow to red. The red squares emphasize the pattern reproducing the mirror-G unit cell in Fig. 1 . The white arrows indicate the direction of the linear polarization, which is identical for all images shown.
The origin of the N-shaped pattern in the SHG micrographs can be understood upon imaging a sample, where the individual spiral elements are arranged in identical rows and columns, as shown in Fig. 3 . Rotating such a sample in steps of 90° as it is shown in Figs. 3a to 3d reproduces the unit cell in Fig. 1b. In Fig. 3 this unit cell is emphasized with a red square. The SHG microscopy pictures corresponding to the above sample positions respectively are displayed in Figs. 3e to 3h. The scale of the pictures being the same as in Fig. 1 , we notice that with each individual G structure are associated two SHG hotspots. While these are dark in the case of Figs. 3e and 3h, they become much brighter in Figs. 3f and 3g. Furthermore, within the darker hotspots, the lower one is larger than in Fig. 3e while in Fig. 3h it is the higher one that is larger. All of these individual features can be seen in the red square that connects the SHG micrographs and they are identical to the ones composing the pattern in Fig. 1d . Therefore, it can be assumed that the SHG response in the case of Fig. 1 is the result of juxtaposing the SHG responses from each individual component. This leads us to the conclusion that in the case of linearly polarized light, the SHG microscopy is capable of distinguishing the handedness at the level of each individual G.
Recently, the G-structures discussed here where also investigated by circularly polarized SHG microscopy. We would like to point out that the experiments discussed here are fundamentally different from the results obtained in Ref. 27 . The reason is that, for individual structures, there is no visible distinction in the SHG hotspot pattern, which is observed for left-and right-hand circularly polarized light (see linearly polarized light, since in the former case plasmon modes appear to propagate between structures and exhibit sensitivity to the chirality of the four Gs unit cell while in the latter case the plasmon modes are confined to the individual Gs and chirality is detected at the level of single structures. However, further work is needed to clarify this difference. Furthermore, while discrimination between different enantiomers by means of circularly polarized light is well-known, we here show that this is also possible by means of linearly polarized light, independently of the polarization direction. The SHG hotspots originate, most likely, in the surface plasmon resonance field enhancement of the nanostructures. The presence of such a resonance near 800 nm was experimentally verified. In Fig. 4 the SHG microscopy images as function of the excitation wavelength and power are displayed for a sample having a structure and an orientation identical to that in Fig. 3b . Note that the laser power was measured before the beam entered the microscope. Furthermore, since we are only interested in the intensity of the signal, the scale in these micrographs is larger than in the previous ones. The maximum of SH generation is found to be between 790 and 800 nm (Figs. 4c and 4d respectively) , while for 780 and 810 nm the signal drops dramatically (see Figs. 4b and 4e ) and, finally, at 770 and 820 it almost completely disappears (see Figs. 4a and 4f ) even though the excitation power for these last two micrographs was more than doubled. The presence of this very sharp resonance near 800 nm suggests that the second harmonic light is most likely generated from the regions of high charge accumulation or in the places of strong field-enhancement due to the lightning-rod effect. Its sensitivity to chirality can then be attributed to enantiomerically sensitive plasmon modes, which were already observed in linear optics [30] , and which could be related to the SHG response through recent theoretical studies [31] [32] [33] .
We wish to emphasize that the effect which we present here is fundamentally different from SHG -Optical Rotation or SHG -Linear Dichroism. In the latter the SHG response has a different intensity for positive (45° or −135°) and negative (135° or −45°) polarization state of the pump beam [34, 35] . Both these phenomena depend on well defined incoming and outgoing polarization states. In our experiment, we demonstrate that we can distinguish chirality with linearly polarized light, independently of the polarization direction and the polarization state of the SH-light.
Conclusions
In summary, we presented a novel way of observing chirality in optical metamaterials using linear polarized light in SHG microscopy. The latter was shown to constitute a valuable tool for mapping the electromagnetic fields in chiral optical metamaterials. We believe that our work will stimulate further investigations of chiral optical metamaterials with nonlinear optics. Variations in size, shape and materials of our structures will likely exhibit a multitude of interesting patterns and properties.
